Abstract
/L, is a frequent problem in neonatal intensive care units, complicating the clinical course in 22-35% of intensive care admissions [1] [2] [3] . Recently, there has been wide interest in thrombocytopenia and especially the correlation between platelet count and clinically significant bleeding. This correlation appears to be less clear than initially assumed, while platelet counts are still universally used in transfusion guidelines. Factors other than platelet count seem to be more important determinants of the bleeding risk in neonates [4] , warranting more research in the field of thrombocytopenia. One of the major cause of thrombocytopenia in neonates is sepsis and thrombocytopenia may rapidly become very severe with the lowest platelet count reached within 24-48 hours after onset of infection [5] .
The pathogenesis of thrombocytopenia in neonatal sepsis is not completely understood and may help to solve the puzzle concerning platelet count and subsequent bleeding. It has been suggested that in neonatal sepsis endothelial damage activates reticule-endothelial removal of platelets. Thrombocytopenia occurs as ultimately the rate of platelet production falls behind platelet consumption, with a causative role for serum thrombopoietin levels [6] [7] [8] [9] .
The importance of the relationship between thrombocytopenia and sepsis was emphasized by identifying thrombocytopenia as one of the most predictive, independent risk factors for sepsis-associated mortality in very low-birth weight neonates [10] . Similar findings were found in adults with sepsis admitted to an intensive care unit, as patients with platelet counts <100 Ã 10 9 /L were more severely ill, had more shock and organ failure and had an increased mortality up to 1 year after intensive care admission [11] . This deserves further clarification of the diagnostic and prognostic meaning of thrombocytopenia in sepsis. This study aims to clarify neonatal sepsis and thrombocytopenia in terms of severity, clinical course and outcome of thrombocytopenia.
Sepsis should not be regarded as a homogenous entity, as it neglects the pathogenic and clinical differences between the various causative micro-organisms and clinical syndromes and presentations of neonatal sepsis. In this study we therefore choose to present the characteristics of sepsis-related thrombocytopenia separately for Gram positive and Gram negative bacteria. Previous studies have found either no convincing difference between the occurrence and course of thrombocytopenia in sepsis caused by either Gram positive or Gram negative bacteria [12] , or have reported a higher incidence of thrombocytopenia in Gram negative sepsis [13] [14] [15] [16] . Interpretation of these results is complicated by the wide range of gestational age of the populations studied and the focus of most studies on (extremely) preterm neonates.
The aim of this study is to clarify the occurrence, severity and duration of thrombocytopenia in a large cohort of neonates with proven sepsis and to analyze risk factors for mortality in neonatal sepsis.
Methods

Study population
This cohort study was carried out among all neonates with proven sepsis admitted to the neonatal intensive care unit (NICU) of the Leiden University Medical Centre (LUMC) from January 2006 to September 2015. The LUMC is a tertiary referral center in the Netherlands. Proven sepsis was defined as an episode of clinical illness as assessed by the attending physician, accompanied by a positive blood culture for either Gram negative or Gram positive bacteria [17] .
To compare the clinical and hematological outcomes of Gram positive and Gram negative sepsis, neonates that had positive cultures for both types of bacteria were excluded. In neonates with multiple separate sepsis episodes, only the first sepsis episode was recorded. Neonates that were transferred within the first 24 hours after the clinical sepsis onset were also excluded, as well as neonates with other causes of neonatal thrombocytopenia such as fetal/neonatal alloimmune thrombocytopenia (FNAITP) or maternal immune thrombocytopenic purpura (ITP), exchange transfusion and cases of suspected contamination of blood culture (defined as no rise in CRP >10mg/L during sepsis episode and withdrawal of antibiotic treatment within 72 hours). In case of platelet aggregation in the EDTA tubes, the aggregated platelet count is usually shortly followed by a new count after notification by our lab.
Data collection
The primary outcome of the study was the occurrence of thrombocytopenia in neonatal sepsis. Secondary outcomes were severity and duration of thrombocytopenia, as well as the occurrence of severe hemorrhage and mortality.
Data were extracted from the hospital's patient database, including medical files and laboratory outcomes. All collected data were anonymized. The protocol for the research project has been approved by the Ethics Committee of our institution and conforms to the provisions of the Declaration of Helsinki.
The following maternal data were recorded: maternal hypertension and mode of delivery. Maternal hypertension was defined as a diastolic blood pressure of 90 mmHg or more on two occasions more than four hours apart, or a single diastolic blood pressure above 110 mmHg. The following neonatal data were recorded: gestational age, birth weight, small for gestational age (SGA, defined as a birth weight below the 10 th centile for gestational age [18] /L (since 2009, after a change in the national transfusion protocol [19] ). In case of manifest bleeding or need of procedure with a risk of bleeding, and for neonates with a birth weight <1500 gram and gestational age <32 week that are clinically ill, the threshold for transfusion is 50 Ã 10 9 /L. Standard dose for platelet transfusions is 20 Ã 10 9 cells/kg.
Severe hemorrhage was defined as the presence of severe intraventricular hemorrhage (IVH), grade 3 or 4 according to Papile, or severe pulmonary or gastrointestinal hemorrhage requiring treatment with platelet transfusions, volume expanders and/or red blood cell transfusions [20, 21] .
Platelet counts before clinical sepsis onset ('initial platelet count') were recorded for each neonate and compared. Absolute platelet count decrease (initial platelet count minus lowest platelet count) was calculated to adjust for the confounding of the occurrence of (mild) thrombocytopenia due to other causes (such as growth restriction) at sepsis onset.
Statistical analysis
We calculated that group sizes of at least 35 infants were required to demonstrate a 25% difference in occurrence of thrombocytopenia in Gram negative sepsis compared to Gram positive sepsis, with 0.05 significance and a power of 80% by two-tailed analysis. Results of normally distributed variables were compared between the Gram positive and Gram negative sepsis groups using the Student's t-test for numerical variables and the χ 2 test or Fisher's exact test for categorical variables. The Mann-Whitney U test was used as nonparametric test for numerical variables that did not follow a normal distribution. A log rank test was run to determine if there were differences in the time for platelets to rise to >100 Ã 10 9 /L in thrombocytopenic neonates in Gram positive sepsis compared to Gram negative sepsis.
The following variables were studied in a univariate logistic regression model: SGA, mode of delivery, maternal hypertension, gestational age at birth, occurrence of intravascular thrombosis, thrombocytopenia <150 Ã 10 9 /L and Gram negative sepsis. Known significant predictors for mortality in the univariate analyses were included in a multivariate logistic regression model to adjust for potential confounding. Results are presented as odds ratios (OR) with 95% confidence intervals (95% CI). A p-value below 0.05 was regarded as statistically significant. Statistical analysis was performed using IBM SPSS Statistics 23.0 (Chicago, Illinois, USA).
Results
The total number of NICU admissions during the study period was 6551. A total of 460 (7%) neonates fulfilled our eligibility criteria for proven sepsis and were included in the study. Gram negative bacteria were found in 48 (10%) neonates with sepsis, compared to 412 (90%) neonates with Gram positive sepsis. We excluded 91 neonates with culture proven sepsis either because of suspicion of contamination (n = 38, 36 with Gram positive blood culture for coagulase-negative staphylococcus, two with Gram negative blood culture for Escherichia coli and Haemophilus influenzae), missing data on blood culture and/or hematological data (n = 21), transfer within 24 hours after clinical sepsis onset (n = 13), neonates with both a Gram negative as well as a Gram positive blood culture (n = 12), neonates who received one or more exchange transfusions (n = 4), maternal ITP (n = 2) and FNAITP (n = 1).
Among the neonates with Gram negative sepsis, Escherichia coli (21/48) was the most commonly cultured bacteria, followed by Enterobacter species (8/48) and Klebsiella (6/48). In the Gram positive sepsis group, in the vast majority of neonates a coagulase-negative staphylococcus (311/412) was cultured, whereas Staphylococcus aureus (60/412) and Group B streptococcus (32/412) were the other most common bacteria in this group.
Baseline characteristics of the cohort are presented in Table 1 . Birth weight appeared to be lower in infants developing Gram positive sepsis, as well as the proportion of infants with VLBW (<1500 gram). Initial platelet count before clinical onset of sepsis was 218 
Sepsis with and without thrombocytopenia
The differences between infants with sepsis with and without thrombocytopenia are presented in Table 2 . Infants with sepsis that developed thrombocytopenia had a higher occurrence of caesarean delivery, maternal hypertension, vascular thrombosis and Gram negative sepsis. They were born with a lower birth weight and were more often born SGA.
On multivariate analysis, three variables were independently associated with the occurrence of thrombocytopenia in neonates with a septic event during NICU admission: Table 2 . Differences between infants with sepsis with and without thrombocytopenia.
Characteristics of thrombocytopenia in neonatal sepsis
Sepsis and thrombocytopenia (n = 226) Sepsis without thrombocytopenia (n = 234) p-value
Caesarean delivery-n (%) 125 ( Table 3 . In the entire cohort, three neonates received 10 platelet transfusions or more, all three had proven Gram negative sepsis (E.coli n = 2, Serratia n = 1).
Clinical outcome
Cranial ultrasound examination was performed in all but 13 cases (2 cases of Gram negative sepsis and 11 cases of Gram positive sepsis). 
Discussion
Thrombocytopenia is a common problem in neonates with proven sepsis, occurring in half of the cases with proven sepsis in our cohort. 20% of our cohort presented with very severe to severe thrombocytopenia (platelets 50 Ã 10 9 /L) and it takes a median 6 days for platelets to rise above 100 Ã 10 9 /L after the onset of sepsis. Our data show an almost 4-fold increase in mortality in septic neonates with thrombocytopenia. Additionally, neonates with Gram negative sepsis compared to Gram positive sepsis have a 6-fold risk of mortality.
In our study there is a significant baseline difference between birth weight and the proportion of VLBW infants in Gram positive compared to Gram negative sepsis. We assumed this to be due to the underlying distribution of bacteria, as the majority of our cohort had a positive blood culture for coagulase-negative staphylococci. These bacteria are highly associated with central venous catheterization and neonates with a lower birth weight (and lower gestational age) more often receive a central venous catheterization.
When comparing infants with sepsis with and without thrombocytopenia, there is a significant difference between the proportion of caesarean deliveries, maternal hypertension, birth weight, SGA infants, the occurrence of vascular thrombosis and Gram negative sepsis. The higher proportion of caesarean deliveries in infants with sepsis and thrombocytopenia is probably due to the higher occurrence of maternal hypertension and SGA infants in this group. Maternal hypertension is a known risk factor for neonatal thrombocytopenia, often an indication for a caesarean delivery and can cause intrauterine growth retardation. The exact pathogenesis of neonatal thrombocytopenia in maternal hypertension is unknown, but it is thought that maternal hypertension leads to fetal hypoxia, which has a depressant effect on fetal megakaryocytopoiesis and platelet production [22] . Intravascular thrombosis is highly associated with the use of vascular catheters. Catheters may cause increased platelet consumption by (1) causing mechanical damage to the vascular wall and alteration of the blood flow, but may also (2) consist of potentially thrombogenic material or may (3) be a medium to infuse damaging agents to the vascular walls [23] . Maternal hypertension, intravascular thrombosis and Gram negative (as opposed to Gram positive) sepsis were also independent risk factors for thrombocytopenia in multivariate analysis. 
/L)-n (%)
64 (14) 57 (14) 7 (15) -Moderate (51-100*10 9 /L)-n (%) 70 (15) 64 (16) 6 (13) -Severe (21-50*10 9 /L)-n (%) 58 (13) 54 (13) 4 (8) -Very severe ( 20*10 9 /L)-n (%) 34 (7) 18 (4) 16 ( Although this study was not powered for outcome measurements of thrombocytopenia, a trend was shown towards a higher occurrence of severe IVH and a significant increase in the occurrence of pulmonary hemorrhage and in mortality in septic neonates with severe and very severe thrombocytopenia, compared to neonates with platelets >50 Ã 10 9 /L. On multivariate analysis, thrombocytopenia and Gram negative (as opposed to Gram positive) sepsis were independently associated with mortality in neonates with a septic event during NICU admission.
The clinical meaning of the higher occurrence of these bleeding complications and of mortality is unclear. The association and possible correlation between platelet count and clinically significant bleeding is not clear and remains controversial [4, 22, 23] . An incidence of 15% of major bleeding in severe thrombocytopenia in our cohort is in line with previous numbers reported in NICUs and underlines the complicated nature of the relationship between low platelet counts and severe bleeding events, as apparently a low platelet count is no clear indicator for the occurrence of severe bleeding events [23] .
Previous studies show conflicting evidence on the association between the type of Gram stain and the occurrence of thrombocytopenia in neonatal sepsis. Manzoni et al. [11] did not find a difference in occurrence of thrombocytopenia comparing infections with Gram negative and Gram positive bacteria among very low-birth weight neonates, but used a different threshold for thrombocytopenia. In contrast, others found results similar to our findings and report a higher occurrence of thrombocytopenia in Gram negative sepsis [13] [14] [15] . However, sample sizes were generally small and results were obtained mostly from populations of very low-birth weight neonates and (very) preterm populations. Our results are obtained from a large, recent sample of neonates with sepsis and a wide range of gestational ages.
The pathogenesis of thrombocytopenia in neonatal sepsis is not clear. Thrombocytopenia may just be a marker of severity of sepsis, as Gram negative sepsis are more severe than Gram positive ones and sepsis can cause disseminated intravascular coagulation. A direct pathophysiological mechanism of endotoxins produced by Gram negative bacteria in neonatal sepsis could also contribute. Both bacterial groups show a great inhomogeneity, with a different pathogenicity for each separate bacterial species [24] . Theoretically, the observed differences in this study could be completely attributed to the individual pathogenic effect of coagulase-negative staphylococci and Escherichia coli, as those bacteria were the most abundant in our groups. The size of our cohort did not allow for further subdivisions in bacterial groups to study the effect of individual bacterial species.
Our results should be interpreted with care due to several limitations including the retrospective nature of the study and the related possibility of bias. A marker of severity of illness would have been a particularly useful variable, but could not be obtained from our data. This study was neither designed nor powered to evaluate the differences in bleeding events and did not take into full account the time relation between the bleeding events and actual occurrence of thrombocytopenia, or other potential factors influencing the risk of bleeding such as hemodynamic instability.
In conclusion, we found that in neonatal sepsis, half of the infants develop thrombocytopenia and 20% develop severe thrombocytopenia. Thrombocytopenia is independently associated with Gram negative (as opposed to Gram positive) sepsis, maternal hypertension and intravascular thrombosis. Severe thrombocytopenia shows an increased association with major hemorrhages and mortality. Both thrombocytopenia and Gram negative sepsis are independently associated with mortality. It is important to take these risks into account in the care of septic neonates. Nevertheless, the exact pathogenesis of thrombocytopenia is still poorly understood and warrants further research. Ideally, a prospective multicentre study would be numerically able to stratify to exact bacteria, rather than differentiate only between Gram negative or positive stain. There is need of well-designed clinical trials regarding platelet transfusion thresholds and the development of a prediction model by which bleeding risk for individual neonates can be estimated.
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